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SUMMAW.

This investigation vrw undertaken by the National Adtiory Committee for Aeronautics for
the purpose of increasing our knowledge on the behavior of the airpkme durhg various mtmeu-
vers and to obtain values of the maximum angular velocities ud accelerations in il.ight. The
method consisted in flying a JN4h airphme through mwious maneuvers while records were being
taken of the control position, the air speed, the angular velocity and the acceleration along the
Z axis. The rtwdts showed that the maximum angular ~eIocity about the X axis occurred in a
spin and amounted to 2.43 radians per second, while about the Y axis the maximum was 0.96
radians per second in a barfel roll. The m~~imum anggm acceleration about the X axis of
—2.10 radians per (Second)a occurred in a s-pin,while the maximum about the Y ati w= 1.40
radians per (eecondja when pulling suddenly out of a dive. These results ha~e direct applka-
tion to the design of airplane parts, such as propeller shaft and instruments.

HWRODUCTION.

Up to the present time there seems to have been no systematic attempt made to study
the movements of an airpkme while it is maneuvering or to record directly the regular -wloc.ity.
The work which has been done to obtain data of this kind has been either entirely based upon
theoretical deduction or made use of the obsened length of tiae rquired by an airplane to
perform a gi-ien e~olution. References to the principal literature on the subject are given below:
I. (TontrollrMi~and Maneuverability of Ai@um. N. A. C. A. Report No. 153.
2. The Pressure Distribution over the Horizonta.ITail Surface of an Airplane. N. A. C’.A. Report N’o.148.
3. The Ar@e of Attack and Air Speededuring Maneuvers. N. A. C. A. Report So. 106.
4. The 3faximum Angular Velocityof an Airplane. R. &M No. 670.
5. The Inwit@tion of the Spin of the Airplane. R. &31.No. 61S.
0. The Experimental and MathematicalInwstkafion of Spinning. R. &M. No. 411.
7. Lateral Controlwith DifferentType of ‘iFiKwFIape. R. &M No. 413.
S. Forw in Div@ and Lwping. 3fcCciokField BuUetin, June, 191S.
9. On the Pcmible Loading on the Win&semd Body ofan Airplane in FIight. R. &31.No. 496.

For the purpose of obtaining actual dat’a on anggar wlocities from an airplane in flight
an instrument was designed aud constructed to record directly the @m wlocity about a single
axis. This instrument in connection with severaI other recording instruments vw installed in
a JhT4hairplane and records mere taken during a loop, spin, roll and when pulling sharpIy out of
a dive. Complete records from these instruments axe shown in this report and should furnish
valuable information both to the pilot and to the desigger.

METHODS AND APPARATUS.

The instruments used in this in-instigation were the N. A. C. A. air speed meter,’ the control
position recorder,’ and an accelerometer Stogether +th the w@~ ~elocit~ recorder de~elwed
especially for this irrwstigation. The installation of these instruments is shown in Figure 1. The
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accelerometer is not in view as it was necemmy to place this instrument m near to the center of
gravity of the machine as possible. Ml of these instruments have been mom or less folly des-
cribed before except the angular velocity recorder.

A photograph of this latter instrument is shown in Figures 2, 3 and 4 with the cover re-
moved. As with the other N. A. C. A. recording instruments a record is made on a standardized

FIG. l.–hewllatfon of instruments In the cmkpit. Fro. Z,—Angular vehlty rscordcz.

fihn drum which is rotated at a speed of about 1 turn per minute by u constant speed motor (A)
driving through a pair of worm and gears beneath the base, The angular velocity about wmxis
in a horizontal plane and at right angles to the pivot axis is measured by measurmg the preces-
sional force exerted by the gyroscope (B) mounted in pivots. (C) and restrained in a neutral
position by the springs (D). The gyroscope itself consists of a direct current motor mounted
inside of an aluminum case which is kept at constant speed of 10,000 r. p. m, by means of the

I?IG.)3.-Anguku vehclty recorder.
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Fro. 4.—D@arnrnatlc sketch of angufer veloclty raeorder.

governor (E). The motion of the gyroscope case about its pivots, due to the precessional
moment of the gyroscope, is transmitted by means of the arm (1?) and stylus to a small mirror
(G) not in tiew. In the same way as with the other N. A. C. A. recording instruments a beam
of light from the light holder (H) is reflected from this mirror through a lens (I) (not in view)
onto the film. In order to prevent the gyroscope from vibrating the dashpot (J) is attached to
the end of the arm (K).

The gyroscope case is carefuUy balanced about its pivots so that hear accelerations from
any direction will be ineffective in producing rotation. It can be seen that tin angular accclerti-
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tion about the axis of the pi-rot wdl produce a d&ection in the springs and thus introduce an
error into the read@ of the instrument. By keep~m the speed of the gyroscope high, however,
the springs may be made -rery stiff so that the error from this cause is only a few per cent in the
vrorst cases.

When records are being taken on a number of recording instruments it is quite necessary
that a strict s-pehronization be obtained between them. This h= be~ accomp~hed in the
present test by sett~m in the case of each instrument small lamps (shown at L) which are con-
nected by a common circuit to an electric chronometer’ which closes the circuit at 3 seconds
interrals, thus making a sharp black line across each record simultaneously. A set of records
taken from the record@ instruments used in this test are shown in Figure 5 and the sPchroniz-
~~ lines are quite etident.

mmw~
Linear accekmlon. Ah speed. Angular ~elodty. Control pmitlon.

FIG. 5.–A set of morals obtsined wffh N. A C. A. hskrrmmt.s. (TalI s’@.)

ln making these records the obsener merely placed the recorc& drum on the instrument,
all the electrical circuits being closed and opened by a common stitch which w& con~enient for
the pilot. Just before each msmeurer began the pilot would cIose this switch, fly through it, and,
at the end, open the switch, all of the instruments automaticdy recording d~~ t~ time.
The deflections on the records were multiplied by the proper calibration factor and replotted in
the figures of this report. The angular acceleration was directly obtained from the angular
velocity by dblerentiating it graphically, whiIe the angular displacement of the rnachE:~ was
obtained by means of the integraph.

PRECISION.

The rontrol position recorder was calibrated for et-ery record by holding the controls in neu- .
tral and turnirg on the ~~ht for an instant. Care was taken to see that there vms little backlash
in any of the connecting wires. The precision of the control angles should in alI cases be good to
*1”. The air speed instruments were calibrated o-ier a speed course within the range of lerel
flying speeds and should therefore be correct to +2 miles per hour except~m at.the -iery high or
~ery low speeds which may be off considerably more than this. The accelerometer is easily
calibrated and should give results good to +.05 g. The angqar velocity recorder-was frequently
calibrated by plating it on a revoking table, so the results from this inrhment can be relied
upon to +.01 radians per second.

RESULTS.

I.00Ps.

In performing a loop the ele~ator is pulled steadily bat-k until the machine has reached a
little more thim a -rerticaIposition, and then it is held clear back until the machine has passed
slightly over the tap of the loop. From this point it is gradually eased forward until the maneu-
~er is completed. The rudder and ailerons are used slightly at the top of the loop. (See Fig. 6.)

The air speed which is approtiately 90 miles an hour at the beginning of the loop Iagg
behind the movement of the elevator by nearly 2 seconds; gradualIy decreases to a minimum of
about 25 miles per hour at the top of the Ioop, then increases rapidIy again to 90 miles an hour at
the end.

The sum of linearacceleration andgratity, which is, of course, 1 g. up to the time the elevator
is moved, increases steadily to slightiy o~er 3 g. when the machine has nosed up approximatdy
.50°. After this the loadingfalk quite rapidly ta a minimum of Og. when the machine has rotated
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through 180°. After this, however, it increases to a maximum of 2.5 g. when the machine has
completed an angle of about 320°; then it falls off to normal values at the end of the maneuver.
The angular velocity begins to increase quite rapidly as soon as the elevator is moved, reaching
a nearly steady value when the machine has rotated through approximately 45°. This steady
value with slight fluctuations continues untiI the machine has reached about 270° and then it
falls rather rapidly to Oat the end of the maneuver. The angular acceleration is quite irregular
due to small bumps in the curve, but is constant at about 0.20 radians per (second)’ during

the first 45° of a loop, then is approximately Ountil 270°, where it then has a nearly consttint
negative value of 0.20 radians per (second)a for the remainder of the loop, The curve of a,n~]ar
displacement starte in rather slowly, then remains a straight line until nearly the end of the
maneuver, where its slope decreases gradually to O.

c 111 IAncL)fo,

7Zmem seconds

FIG. 6.–Loop, Angular wloofty about Y axis,

FLATTENING OUT OF A DRIVE.

In this maneuver the machine was held steadily at 80 miles an hour with the throttle
fairly well closed; then the elevator was pulled back as sharply as possible and the machine
allowed to start into a loop, but when nearly 900 of rotation had been reached the machine was
rolled out. (see Fig. 7.) The elevator curve shows that this member was pulled back to the
full extent in approximately .02 of a second and was held way back until the machine had
rotated through more than 90°. The aileron and rudder curves show no changes until the
machine is rolled out at the cnd of the maneuver. The air speed .Iags behind the movement
of the elevator by considerably over I second, decreasing from 80 miles an hour to 40 miles an
hour when the machine has rotated through 90° and then increases again as the machine is
roiled out. Immediately after the e~evator is pulled back the linenr acceleration increases
rapidly b about 2.9 g., decreasing again to a minimum of about .03 g. at.a little over 90° rotation
of the machine, The angular velocity increases very rapidly as soon as the elevatar starts
to move, reaching a maximum of ,84 radians per second when the machine has rotated through
only 30°, After this it falls very rapidly to a minimum of nearly O and then rises again to a
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secondmaxinmm. TIM angular acceleration reaches the high value of 1.40 radians per (second)’
when the machine is rotated through only 10°, after which it f allasuddenly to nearly zero value .
or the rest of the maneuver.

““’’’”*
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FIG. T.-Sudden flattening cut ofa dive. hgmk mlecfty about Y sxm,

TAIL SPIN.

In this maneuver the elevator was pulled hard back and held in this position for t-hewhola
of the spin. The rudder was kicked hard over to the right at the beghming and held there,
while the aiIeronswere held a few degrees to the right. [See Figg. 8 and 9.) The air speed, which
was 60 miles an hour at the beg~u of the record, fell to about 40 just before the spin began,
then increased tu about SOmiles an hour, which was maintained untiI the end of the spin, where
it rose to o-rer !30miles an hour in the resultant di-ie. The linear acceleration increased as soon
as the spin began from 1 to about 3 g. and kept at this value for the full spin. The ang~ar
~elocity about the 1“ asis increased at the beginning of the spiR to a ma-xinmm of .S0 radians per
second and then decreased during the spin to the small ~alue of .2o radians per second, but
increased again at the end of the spin due to pulling out of the resultant di~e. The anguhtr
~elocity about the 1 axis, however, ras quite different. This v-due began to increase as soon as
the controls were moved and rose -with increasing rapidity to a maximum of 2.43, when the
machine had made approximately 1 complete turn, after which it maintained a value -whichwas
nearly constant, but which showed a regu.hu variation corresponding to the osculation in the
acceleration cur-m, until the spin was stopped with the controlsl where it fell suddenIy te a zero
-ralue after the machine had made approximately 4j~ complete turns. The arqydar acceleration
about the Y axis shorn no considerable magnitude during the spin itself, but when stopping the
spin a maximum of 1.1 radians per (second)? is reached. The an=tiar acceleration about the
X a-xishas, of course, a ~~h positive value at the beginning of the spin, which amounts to 1.2
radians per [second) 2, and at the end of the spin it has a negative ~alue of 2.1. It is necessary to
make two complete runs for the spin in order to obtain the angdar velocity about the X and Y
axes. It will be obser~ed from the cur-reshow nearly alike the two maneu~ers were carried out
both in regard to the mo-rement of the controls and to the performance of the machine itself.
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BARREL ROLL.

In this maneuver the elevator is moved back to about 10° and held thera for about 2
seconds. In the meantime the rudder is kicked hard ovor and is held there for nearly the full
maneuver. The elevator, after the rudder has been kicked over is then pulled clear back to
ovor 20° and held there for some time. (See Figs. 10 and 11.) It is also interesting to notice
tl]at the ailerons are scarcely used at all, It should be remembered in connection with this
maneuver that this type of machine is difficult to roll smoothly and that therefore the results
obtained here would not be applicable to a single seater machine which rolls with much greater
smoothness. The air speed, which had a value of somewhat over 90 miles an hour at the begin-
ning of the roll, fell rapidly to a minimum of 35 malesan hour after about 6 seconds, then rose
again to about 85 miles an hour at the end. The linear acceleration rose very rapidly to a
maximum of 3.7 g. after the elevator had been pulled back. It then fell to a minimum value
when the machine had nearly turned over on its back, then increasing again to a second maxi-
mum value at about 2200 of rotation. The angular velocity about the X axis increases quite
rapidly after the controls are moved, then is nearly constant for about 1 second, then starts
rapidly upward again corresponding to the point where the elevator is moved from 10° to 20°.
The maximum value, which comes after the machine has rotated through about 100°, “is 0.84
radians per second. After this point the curve decreases with one slight interruption to a
zero value at the end of the record. The angular velocity about the Y axis incrcascs very
rapidiy as soon as the controls are moved, with the same interruption at 1 second ns was shown
about the other axis, until a maximum value of .880 radians per second is reached at a timo
when the machine has rotated only 45° about the X axis. After this the an=mlarvelocity
decreases rather rapidly to a zero value. The angular acceleration about the X axis reaches
a very sharp maximum of 1.55 radians per (second)* when the machine has rotated about 45°.
At the end of the record there are several negative peaks of about half this magnitude. The
angular acceleration about the Y axis shows only small values, the highest being 0.80 radians
per (second)’ at the beginning of the record.

CONCLUSIONS.

The results from these tests are summarized in the following table:
TABLE I.

, r
I ~= ~~1 ~~a~.W@ar Timeto reaeh Max. engular ‘rinlotorench

voldty, in I th.$~h~ In
1accelti-

accckatlon, in thk value, In

Mmmrver. ! .J:;:Z ~ny%

I =~. cm&g.
“d:-’-’ - ‘“m.’’tim’ ~’”
X ask! Yaxis’ X axisYads.X ash Y da. Xaxl?.Y axi%

—— —1 -— — — —— — —
Loo

7:

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 3.1g. ! 29 ~
Pu&g suddemly out of m @lm. p. h. dim. .’ 29

; Lea . . . . . . . .
~.; I
.

j ,$ -M :::::::: a:
Tailspin . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. . . I&o k: 2.43!:: -“is;” . ;% .&cl 6., 57

1’1
I Bamel roll . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 3.7 + 2.2

[1
.% !- .~ &o &~ : .82 8.6 L3

All times are measured from the instant the controls we Iirst moved.
It will be noticed that the greatest angular velocity is 2.43 radians per second and occurs

about the X axis in the tail spin. The greatest angular acceleration, 2.10 radians pcr (second),2
occurs under the samd conditions, as might bo expected.

In a continuation of this work it would be of value to repeat the present texts upon vmious
typw of airplanes. It would also be of value to have instruments which would record tho
linear accderation as well as the angular velocity simultaneously along three axes. Instru-
ments to do this are now being constructed by the National Advisory Committee and will be
ready to be put into the air in a few months. These two instruments in conjunction with the
recording air speed meter and the recording contm] position instrument should give us a very
complete analysis of the performance of the machine,

It may be concluded from these tests that no conventional airplane of the JN4h type can
have a greater angular velocity about the X axis than 3 radians per second or about the Y axis
greater than 1 radian per second; and the angular acceleration about the X axis WN not exceed
2.5 radians per (second)’ or about the Y axis of 2 radians per (second) .Z


